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The mass of the η′ meson is theoretically expected to be reduced at
finite density, which indicates the existence of η′-nucleus bound states. To
investigate these states, we perform missing-mass spectroscopy for the (p, d)
reaction near the η′ production threshold. The overview of the experimental
situation is given and the current status is discussed.
PACS numbers: 21.85.+d, 25.40.Ve
1. Introduction
The η′ meson, one of the pseudoscalar mesons, is known to have a pe-
culiarly large mass (958MeV/c2). It is attributed to the UA(1) anomaly
in Quantum Chromodynamics, together with the spontaneous breaking of
chiral symmetry [1]. At finite density, in which chiral symmetry will be par-
tially restored, the mass is expected to be decreased. It means that an η′
meson in a nucleus feels an attractive interaction with the nucleus, and that
they may form a bound state (η′-mesic nucleus), if the mass reduction is
large enough. For example, calculations based on the Nambu–Jona-Lasinio
model result in a very large mass reduction of −150MeV at the normal
nuclear density [2], while a recent calculation using the linear sigma model
shows −80MeV mass reduction [3]. The QMC (quark-meson coupling)
model predicts −37MeV reduction for the case of an η-η′ mixing angle of
−20◦ [4].
As for the decay width of an η′-mesic nucleus, the chiral unitary model
including a Lagrangian term which couples the singlet meson to the baryons
indicates that the real part of the optical potential is in general deeper than
the imaginary part [5]. This relationship is one of the important require-
ments for an η′-mesic nucleus to be observed experimentally.
Recently, the CBELSA/TAPS experiment determined the real part [6]
and the imaginary part [7] through detailed studies of the η′ photoproduc-
tion off nuclei. First, the transparency ratios for different nuclear targets and
incident energies were compared with theoretical calculations, and the ab-
sorption width for an η′ meson with an average momentum of 1050MeV/c
was obtained to be 15–25MeV at the normal nuclear density [7]. Fur-
thermore, the excitation function for η′ photoproduction off carbon and
the momentum distribution of η′ meson are sensitive to the η′-nucleus
potential depth. The potential depth was derived as −(37 ± 10(stat) ±
∗ Presented at II Symposium on applied nuclear physics and innovative technologies.
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10(syst))MeV [6]. The combination of the two results indicates the pos-
sible existence of η′-mesic nuclei with a rather narrow width. Related to
the study of η′-nucleus interaction, the η′-nucleon scattering length can be
determined by the measurement of the pp → ppη′ reaction [8]. The re-
sult is comparable to the η′-nucleus optical potential parameters obtained
by CBELSA/TAPS, if there is no density and energy dependence of the
η′-nucleon interaction.
Another method to extract information on the η′-nucleus interaction is
the investigation of η′-mesic nuclei. We have proposed a missing-mass spec-
troscopy experiment of η′-mesic nuclei by use of the (p, d) reaction [9]. The
first experiment was carried out at GSI in August 2014, and an upgraded
experiment at FAIR is also planned.
2. Inclusive measurement at GSI
η′-mesic nuclei can be produced by impinging a proton beam onto a
carbon target. The beam energy is chosen to be 2.5GeV, slightly above
the η′ production threshold for a free nucleon. The ejectile deuterons will
be momentum-analyzed by the Fragment Separator (FRS) used as a high-
resolution spectrometer.
A simulated spectrum corresponding to 4.5 days of data acquisition is
shown in Fig. 1. Here, a theoretical calculation for this reaction [10] is
used as the input of the signal, i.e. processes associated with η′ meson
production, while an overwhelming background of multi-pion production
processes on a nucleon in the carbon nucleus (mainly p + N → d + 2pi,
3pi, or 4pi) was evaluated from past measurements of proton-nucleon cross
sections. The sensitivity of observing peak structures is highly dependent
on the parameters of the optical potential (V0 + iW0). We find the signal-
to-noise ratio to be of the order of 1/100 at most. However, the poor
signal-to-noise ratio in the inclusive measurement may be compensated by
a high-statistics measurement for several days.
We carried out the first experiment (GSI S-437) in August 2014. Figure 2
shows the experimental setup at FRS. The momentum of ejectile deuterons
can be derived by measuring their tracks by two sets of multi-wire drift
chambers (MWDC’s) installed near a dispersive focal plane at S4. The
overall resolution had been evaluated to be approximately 1.6MeV in σ,
which is sufficiently smaller than the expected width of η′-mesic nuclei. The
actual resolution will be evaluated by using the calibration measurement
of the elastic scattering D(p, d)p reaction. The excitation energies between
−90MeV and 40MeV relative to the η′ emission threshold were investigated
by scaling the magnetic field of FRS.
Particle identification of the ejectiles is essential, since inelastic scat-
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Fig. 1. Simulated spectra with 4.5 days of data acquisition for different η′-nucleus
optical potentials, parameterized as V0 + iW0. The dashed line corresponds to the
background of quasi-free multi-pion production processes.
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Fig. 2. Schematic view of the experimental setup in August 2014.
tering (p, p′) reactions will cause a number of protons whose momenta are
close to those of deuterons of interest. For this purpose, plastic scintillators
(SC2H, SC2V, SC41, SC42) were installed both in the S2 and S4 areas.
In addition to the time-of-flight (TOF) measurement, Cˇerenkov detectors
with high refractive-index (n = 1.17–1.18) silica aerogel radiators, which
were developed at Chiba University [11], (HIRAC and mini-HIRAC) and a
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Fig. 3. Particle identification using time of flight between S2 and S4.
total-reflection Cˇerenkov detector with an Acrylite radiator (TORCH) were
installed for additional information on particle identification.
Figure 3 is the TOF distribution between S2 and S4 with an unbiased
trigger. The larger peak corresponds to protons, which are faster than
deuterons, and the smaller peak comes from deuterons. The TOF difference
of the two particles is about 20 ns, which is consistent with that calculated
from the flight distance and each velocity. The deuteron-to-proton ratio is
found to be approximately 1/200. After this measurement, we could prepare
a “TOF trigger” to select deuterons by a tight coincidence of signals from
scintillators at S2 and S4. We realized much better deuteron-to-proton ratio,
approximately unity, without using the signals from the Cˇerenkov detectors,
while they can be used for improving off-line analyses.
At present, we have been working on off-line analyses for particle iden-
tification. The flat component beneath the deuteron peak in Fig. 3 is due
to sequential protons with a short (∼ 20 ns) time interval. The waveforms
of the scintillator signals will serve to distinguish one-pulse events from
two-pulse events.
3. Semi-exclusive measurement at FAIR
In order to improve the signal-to-noise ratio in the missing-mass spec-
trum, we plan to measure protons from the decay of η′-mesic nuclei in ad-
dition to ejectile deuterons. One of the major decay modes is a two-nucleon
absorption process (η′NN → NN) [10], which will emit a proton with a
kinetic energy around 300–600MeV. An intra-nuclear cascade simulation
with a microscopic transport model JAM [12] is on-going, not only for the
signal but also the background multi-pion production processes, in which
pions may result in the emission of secondary protons after rescattering
inside the nucleus.
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4. Summary
We have performed an inclusive measurement of the (p, d) reaction on
12C at FRS/GSI in August 2014, in order to investigate η′-mesic nuclei.
A wide excitation-energy range between −90MeV and 40MeV was inves-
tigated. The expected resolution will be σ ∼ 1.6MeV/c2, which is much
smaller than the width of η′-mesic nuclei. The analysis is in progress.
Furthermore, we aim to conduct a semi-exclusive measurement at FAIR,
in which protons from the two-nucleon absorption of an η′ meson in nucleus
will be detected too. The signal-to-noise ratio in the missing-mass spectrum
will be improved drastically by the coincidence measurement. A detailed
simulation taking into account the final-state interaction is needed for a
quantitative evaluation of the sensitivity.
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